Disease-related mortality events in 1995 and 1998, which killed 70% of adult sardine (Sardinops sagax) biomass, provided an opportunity to assess whether crested tern (Sterna bergii) populations were affected by decreased prey abundance. We investigated the diet, age structure, and morphology of a population of crested terns to determine whether survival and growth were reduced for cohorts reared in years immediately following sardine mortality events. The diet of chicks and adults differed significantly. Australian anchovy (Engraulis australis) and sardine were the dominant prey in the diets of chicks, constituting an average of 36.3 and 14.6% of individual prey items, respectively. Degens leatherjacket (Thamnoconus degeni) dominated the prey of adult terns, an average of 51.9% of individual prey items. Age-specific information collected from banded adults indicated that the cohort reared after the first sardine mortality event in 1995 exhibited significantly lower rates of recruitment to the breeding colony than as predicted by life-table analyses, suggesting that survival was reduced in response to the absence of sardine. Females from cohorts reared ,1 year after the end of each sardine mortality event (in 1996 and 1999) were smaller than other age classes, suggesting that chick growth was reduced during periods of low sardine abundance. Future data on diet and on the survival and growth of crested tern chicks could provide performance indicators for management of sardine populations and aid in the development of conservation strategies for the populations of crested tern.
Introduction
Top predators are downstream in terms of energy flow through marine ecosystems and may be indicative of ecosystem status and performance . Ecosystem-based fisheries management (EBFM) is looking towards predator-based performance measures to inform management decisions relating to prey (stock) biomass and to ensure that the conservation status of predator populations is maintained (Crawford, 2004; Hall and Mainprize, 2004; Boyd et al., 2006) . Many seabird studies have shown links between changes in prey availability and measures of demography, foraging, reproduction, and fisheries (Anderson et al., 1980; Uttley et al., 1989; Montevecchi, 1993; Montevecchi and Myers, 1995; Furness and Tasker, 2000; ICES, 2001; Hall and Mainprize, 2004; Boyd et al., 2006; Scott et al., 2006) , and seabird data are now used to inform management decisions in several fisheries (ICES, 2001 (ICES, , 2002 Lewis et al., 2001) . Nevertheless, the suitability of a predator in providing performance measures for use in EBFM depends on knowledge of how they respond to changes in prey availability.
Clupeid fish (sardine, anchovy, and sprat Sprattus spp.) are a key link in foodwebs and the target of commercial fisheries worldwide. In shelf waters of South Australia, sardine (Sardinops sagax) and Australian anchovy (Engraulis australis) dominate the small pelagic fish assemblage (Ward et al., 2001a; Crawford, 2004; Dimmlich et al., 2004) . Recently, the South Australian sardine fishery (SASF), which uses purse-seining to provide sardine to the southern bluefin tuna (Thunnus maccoyii) mariculture industry in South Australia, has expanded in terms of catch, effort, and investment. It is now Australia's largest fishery (by weight), with an annual catch in 2006 of some 25 000 t (Figure 1 ). The effects of forage fish overfishing on apex predators such as seabirds are welldocumented. Purse-seine fishing in Namibia and South Africa between 1956 and 1980 resulted in stock collapse of sardine and anchovy, which caused populations of African penguin (Spheniscus demersus) and Cape gannets (Morus capensis) to fall by almost 50% (Burger and Cooper, 1984; Crawford and Dyer, 1995; Crawford, 1998) . In response to the rapid growth of the SASF and concerns about its potential ecological impacts, Australian fisheries managers are looking to incorporate reference points for sardine predators into management plans (Shanks, 2004) .
In March 1995 and October 1998, ,70% of the sardine stock biomass in southern Australia was killed over a period of 3 -4 months (Gaughan et al., 2000; Ward et al., 2001b ). An exotic herpes virus originating in South Australia and spreading 2500 km east and west was considered to be the cause (Jones et al., 1997; Murray et al., 2003) . Estimates of sardine spawning biomass provided via application of the daily egg production method in the years immediately following (1996 and 1999) reflected the effect of the mortality events ( Figure 1 ; Ward et al., 2001a) . In Victoria, negative impacts on apex predators were documented for little penguins (Eudyptula minor), little terns (Sterna albifrons) in 1995/1996 (Dann et al., 2000; Taylor and Roe, 2004) , and Australasian gannets (Morus serrator) in 1998/ 1999 (Bunce and Norman, 2000; Bunce et al., 2005) . These studies were a precedent for our research.
Crested terns are small surface-feeding seabirds that prey on small pelagic fish such as sardine and anchovy or squid (Hulsman et al., 1989; Chiaradia et al., 2002) . During the breeding season, adults lay a single egg, which they incubate for 28 d (Langham and Hulsman, 1986) . After hatching, chicks are provisioned by both parents at the breeding colony for up to 2 months. Many seabird species have evolved strategies to maximize foraging effort and rates of prey delivery to chicks during the breeding season. For instance, penguins are able to carry large volumes of prey that they then regurgitate to their chicks. In contrast, crested terns are generally single-prey loaders (i.e. they deliver one prey item to their chicks at a time). This strategy requires that they forage for themselves before returning prey of suitable size to their chick. The requirement to locate prey regularly from surface waters near the colony may make them sensitive to changes in prey availability if they are unable to switch to alternative prey.
Here, we tested the hypothesis that the mass sardine mortalities in March 1995 and October 1998 negatively affected the survival and growth of cohorts reared in summer immediately following (i.e. December/January of 1995/1996 and 1999/2000) , when sardine biomass was most reduced. This hypothesis was tested based on the rationale that crested terns are known to feed on fish such as sardine that dominate the small pelagic fish assemblage of South Australia. Also, life-history theory predicts that natural selection will act to preserve the stage of life history at which survival and reproduction are least variable (Saether and Bakke, 2000) . Hence, annual survival in long-lived seabirds may be favoured at the expense of reproductive investment during periods of low prey availability (Furness and Tasker, 2000; ICES, 2001) . The number of adult crested terns breeding in all years of chick banding at Troubridge Island has remained relatively constant (MW, unpublished data) . We predicted that survival of crested tern chicks would be lower during periods of low sardine biomass and that this would be reflected in lower recruitment of the 1995 and 1999 cohorts to the breeding colony. Similarly, the growth of chicks reared during periods of low sardine biomass would likely be reflected in the age-specific morphology of adults because chicks attain .70% of body mass and 60% culmen length (CL) ,2 months after hatching (Langham and Hulsman, 1986; Schew and Ricklefs, 1998 ; LJM, unpublished data).
Our study involved (i) measuring the prey composition of crested terns to assess whether sardine formed a major component of the diet in a year when sardine biomass was large and whether there were differences between the diet of chicks and adults, (ii) determining the age structure of the breeding colony to test for age-specific differences in recruitment, and (iii) examining the age-specific morphology of adult crested terns to test whether crested terns reared in periods of low sardine availability had smaller morphology than other cohorts. Based on the findings, we discuss whether survival and growth of crested tern chicks is influenced by sardine availability and whether ecological data collected from crested tern colonies can be applied as performance indicators for crested tern populations and in management of the SASF.
Methods

Study site
The study was conducted at Troubridge Island in Gulf St Vincent, South Australia, during the breeding seasons of crested terns between November and February of 2004 /2007 . We refer to seasons or cohorts as belonging to the year that sampling or breeding began, respectively (e.g. 1999/2000 ¼ 1999) . The Troubridge Island colony is one of the largest in gulf waters of South Australia, with 3500 pairs in 2005 (LJM, unpublished data), and lies at the eastern extent of the region where most of the commercial catch is taken by the SASF (Figure 2 ).
Diet sampling
Regurgitates were collected between 23 November 2005 and 25 January 2006 from crested tern chicks (n ¼ 258) aged 0 -5 weeks. Regurgitates were collected from adults (n ¼ 214) that were incubating eggs and provisioning chicks ,1 week old between 28 October and 21 December 2005. Chicks and adults were caught by hand and hand-held nets, respectively. To minimize disturbance to the colony during each visit, birds were caught by moving systematically from one end of the colony to the other. This also ensured that no bird was caught more than once per visit. Samples, which were mainly undigested, were placed in a plastic bag and frozen before being sorted in the laboratory, where individual prey were separated and identified to the lowest taxon possible. Species level identification of fish from the families Clupeidae and Engraulidae (sardine and Australian anchovy) was sometimes not possible (i.e. individuals may have been either one of these species). Therefore, to determine the most important prey, we allocated unidentified fish from these families proportionally to the groups identified specifically as sardine or Australian anchovy. The diet composition of chicks and adults was analysed by two methods.
(i) Percentage numerical abundance (the proportion of the total number of prey items made up by each prey taxon).
To standardize for individuals that consumed more prey items, the average percentage of each taxon was calculated over all regurgitates.
(ii) Relative occurrence (RO), calculated as the frequency of occurrence (FOO) of a taxon in samples (i.e. the percentage of the total number of samples in which each taxon was present) divided by the sum of FOOs of all taxa. Unlike FOO, RO contributions total 100% (Montague and Cullen, 1987) .
To assess whether chick and adult diets differed significantly and whether the absence of sardine could have influenced chicks and adults differently, non-parametric analysis of similarity (ANOSIM), on a Bray-Curtis similarity matrix (PRIMER version 5.1.2, PRIMER-E Ltd, Plymouth, UK) was used (p 0.05). ANOSIM is a hypothesis-testing procedure that generates a probability value and a test statistic (R), which lies between +1 and 21. High positive R-values indicate greater variation among groups than within groups, and negative values indicate high levels of within-group variation compared with among-group variation. Values of R of zero represent the null hypothesis of no significant difference among groups. The differences in the contributions of prey species to diet were determined using similarity percentages (SIMPER, Plymouth Routines in Multivariate Ecological Research), which indicated the proportion of the difference between the diets of chicks and adults for which each prey taxon was responsible (Catalan et al., 2006) .
Age structure
Banding of crested tern chicks at Troubridge Island commenced in December 1966 (Waterman et al., 2003) . Since 1975, an average of 1348 chicks (s.e. ¼ +111.6; range 640-2350) have been banded annually, but there was no banding between 1976 and 1985. The age distribution of the breeding adults from 2004 to 2006 was determined by capturing adults on their nests with a hand-held net, recording band numbers, and referencing these against band records. The number of chicks banded each year was not the same, so interannual differences in age structure were standardized by calculating the percentage of birds per cohort that were re-sighted. This was done by dividing the total number of individuals recaptured from each cohort by the total number of chicks banded in the same cohort. Age frequency distributions were then constructed for the colony from the relative proportions of each cohort present. A static life table was created from age data obtained for all adults  recaptured between 2004 and 2006 (Caughley, 1977; Evans and Hindell, 2004) . Static life tables assume a stable age structure Demographic and morphological responses to prey depletion in a crested tern population and that population size is stationary. The crested tern population at Troubridge Island is believed to have stationary growth and a stable age structure. Data from banded adults indicates a high degree of philopatry, and there is no evidence of transients in the population (Waterman et al., 2003) . Population size during the banding period has also remained stable (MW and LJM, unpublished data) . Nonetheless, age-class data did not meet the assumptions of a static life table (i.e. that the frequency of each age class x is !xþ 1; Caughley, 1977) , so cohort frequency data were smoothed using OriginPro w with a log-polynomial regression:
Survival
where f x is the sampled frequency of age x, and a, b, c, and d are the constants. To reduce the sum of squares, fitting was carried out in stages, assuming that mortality was constant with age, until the addition of further terms did not result in further significant reductions in the sum of squares. Survival was modelled from the time that breeding was first recorded (4 years) up to the maximum age of breeding recorded (29 years; this study). The parameters of the static life table calculated, based on those developed by Caughley (1977) , were l x : survivorship, the probability at age 4 of surviving to age x, d x : mortality, the probability of dying in each age interval x to x þ 1, q x : mortality rate, p x : survival rate.
To assess age-specific patterns of survival, we used x 2 tests to determine whether observed age frequencies deviated from those derived from the log-polynomial regression (expected).
Morphology
Adult birds with bands captured from their nests had the following morphological characters measured with Vernier calipers (+0.01 mm): CL, from the base of forehead feathers to the tip of the bill; bill depth (BD), the vertical thickness of the bill at the anterior edge of the nostrils; head length (HL), the distance from the occiput to the tip of the bill. Birds were also weighed (+5 g) before release and after any regurgitates were collected.
Sex dimorphism
Crested terns are sexually dimorphic (Woehler et al., 1991) . To separate age-specific differences in size and survival from sexrelated differences, we constructed a discriminant function model for a subset (reference group) of birds captured in 2005. During the peak laying period in early November 2005, newly incubating birds that had laid within the previous 24 h were caught and assigned a score of 0 -3 using cloacal sexing criteria (Boersma and Davies, 1987) . After morphological measurements were taken, each bird was colour-banded and released. When the mate returned, it was caught, assigned a cloacal score, and measured. One-way ANOVA or Komolgorov-Smirnov tests were used to assess differences in morphology between males and females of the reference group (n ¼ 67; p 0.05). All analyses were undertaken using SPSS w , and data were tested for assumptions of normality and homoscedasticity using Shapiro -Wilks' test and Box's M-test, respectively.
We then constructed discriminant functions (jackknifed and cross-validated) using SPSS w (version 15 for Windows) from the variables that described head and bill morphology and mass for the reference group of adults with differences in cloacal sexing criteria .1 (n ¼ 67 birds constituting 34 pairs). The discriminant function that best classified sex from discriminant scores calculated from adult morphology was used to assign sex to each known-age bird that was captured and measured between 2004 and 2006 (n ¼ 1227) . Individual birds were assigned a sex based on whether their scores assigned from the discriminant function were greater or less than the cut-off score, which was calculated from the weighted mean of the two group centroids of the reference group. Age-related trends in morphology were then plotted for each morphological variable and sex.
Age-and sex-specific differences in morphology
To test the hypothesis as to whether-specific morphology (CL, BD, HL) was caused by a reduction in the abundance of sardine, we allocated terns (pooled for three seasons [2004] [2005] [2006] of each sex to a treatment group:
Group 1: chicks hatched ,1 year after the end of each sardine mass-mortality event (i.e. the cohorts banded in December 1995 and 1999);
Group 2: chicks hatched in other years.
Treatment groups were assigned on the rationale that the timing of each sardine mortality event was different (March 1995 vs. October 1998) and took 4 months to complete. Hence, the effects of decreased sardine abundance on crested terns were assumed to be most severe following the completion of a sardine mortality event and not while fish were still dying. Non-parametric ANOSIM (for which R values are reported) on a Bray-Curtis similarity matrix (PRIMER version 5.1.2, PRIMER-E Ltd., Plymouth, UK) was used to test for significant differences in morphology between each treatment group for males (n ¼ 652) and females (n ¼ 575; p 0.05). ANOSIM tests the null hypothesis that within-group similarities do not exceed between-group similarities. SIMPER (Plymouth Routines in Multivariate Ecological Research) were used to determine which measure of morphology (CL, BD, HL) most contributed to the differences between treatment groups. Data from terns caught and measured after the first recapture were excluded.
Results
Diet
In all, 36 prey taxa were identified from 839 prey items in 472 regurgitates (Table 1) . Of these, 26 species were identified from chick and adult diet samples collected over 19 and 17 d, respectively, over the course of the breeding season (NovemberJanuary). Fish constituted .93% of all prey taxa identified. Australian anchovy and sardine were the main prey consumed by chicks, 36.3 and 14.6% of all prey items found, respectively (Table 1) . Degens leatherjacket (Thamnoconus degeni) was the most common prey item in the diet of adults, comprising an average of 51.9% of individual prey items, and present in nearly 40% of samples (RO; Table 1 ). The difference between chick and adult diets was significant (ANOSIM, R ¼ 0.209, p 0.001), as a consequence of variations in the abundance of these species in chick and adult diets (SIMPER Australian anchovy 21.3%; sardine 10.8%; Degens leatherjacket 28.6%). Differences suggest that adult foraging effort may be partitioned according to the dietary requirements of adults and/or that of their chicks. The relatively low percentage of individual terns from the 1995 cohort coincides with sardine mass-mortality events ,1year before. Not all terns from cohorts reared between 1999 and 2002 had reached sexual maturity, so had only partly recruited to the breeding colony at the time of sampling.
Age structure
Patterns of survival
Age-specific values of survivorship (l x ), mortality (d x ), and their associated rates were calculated from the static life table (Table 2) . These values are based on a stationary age distribution calculated from smoothed frequency values for each cohort. The probability of dying between age intervals peaked between 9 and 15 years. The frequency of re-sightings for 7 of the 17 cohorts differed significantly from those predicted by the model (x 2 test, p 0.05; Table 2 ). The number of terns in the 1995 cohort, which were reared 8 months after the mass mortality in March 1995, was significantly less than that predicted by the model (x 2 ¼ 62.1, p 0.001; Table 2 ). 
Discriminating sex
Males of the reference group were significantly larger than females for BD, CL, and HL (p 0.05), but body mass did not differ significantly between sexes (Table 3 ). The sex of individuals was most accurately assigned by a discriminant function that combined measurements of head and bill morphology and body mass: 
where D is the discriminant score, and BD, CL and HL are in millimetres. Equation (1) Age-and sex-specific patterns of morphology Equation (1) was used to assign sex to 652 males and 575 females from 18 cohorts (Figure 4 ). Females in cohorts reared ,1 year after the end of a sardine mortality event (i.e. Group 1) were significantly smaller in morphology (CL, BD, HL) than females from other cohorts (Group 2; ANOSIM R ¼ 0.063, p ¼ 0.045). The size of females differed between the two groups mainly as a result of differences in HL (SIMPER 49.1%) and CL (SIMPER 42.8%). The bill morphology of males did not differ significantly between treatment groups (ANOSIM R ¼ 0.02, p ¼ 0.338), though non-significant trends in bill morphology (CL and HL) were apparent for males reared in 1995 (aged 9 years) but not for males reared in 1999 (aged 5 years; Figure 4 ).
Discussion
A great concern in modern fisheries management and marine conservation is the danger a stock collapse poses to apex predators. Information on age structure here showed that crested terns reared after the first sardine mortality event in 1995 exhibited significantly lower rates of recruitment to the breeding colony than other age classes. Also, females from cohorts reared in 1995 and 1999, ,1 year after both sardine mortality events, had smaller morphology than other age classes. The importance of sardine in the diet of crested tern chicks in 2005 gives weight to the inference that prey absence caused by mass mortality of sardine was responsible for these negative effects and suggests that crested terns are sensitive to large-scale decreases in sardine abundance. Age-specific information is often lacking in seabird studies because of the logistical constraints associated with banding many birds over long periods of time. Moreover, inferences on foraging or breeding responses are made difficult by a lack of information on prey abundance. Our study was fortuitous in being able to correlate a long time-series of demographic data for a banded seabird population with data from annual fisheries assessments that indicated two periods of prey depletion (Gaughan et al., 2000; Ward et al., 2001a ; Figure 1 ). Crested terns clearly display the life-history characters of delayed sexual maturity (4 years) and longevity common to many seabird species, consistent with a K-selected life-history strategy Schreiber and Burger, 2002; Jenouvrier et al., 2003) . They also have high annual adult survival, small clutch sizes, and variable reproductive output, and they exhibit extended parental care (Dunlop, 1985; Crawford et al., 2002; LJM, unpublished data) . The variation we observed in recruitment between age classes may reflect variation in the survival of pre-breeding individuals. Moreover, the low recruitment documented for the 1995 cohort was likely related to high chick mortality in December 1995 (C. Johnson, pers. comm.) and not juvenile mortality. Chick mortality has been related to food supply for many seabird species (Anderson et al., 1980; Monaghan et al., 1989; Uttley et al., 1989; Monaghan, 1992; Dann et al., 2000; ICES, 2001; Lewis et al., 2001; Taylor and Roe, 2004) . Adults are constrained within a foraging range near the colony while provisioning chicks, so chicks are likely to be more sensitive to decreases in prey abundance because, unlike juveniles, they cannot move to where prey may be more abundant.
The strength of the 1996 and 1997 cohorts suggests that prey conditions recovered quickly to allow enhanced chick production. The high sardine biomass estimate of 1998 suggests strong recruitment of sardine after the 1995 mortality event (Rogers and Ward, 2006 ; Figure 1 ). Hence, survival of crested tern chicks in later years may have been aided by an increase in the availability of juvenile sardine. Similarly, expansion in the distribution of Australian anchovy into waters previously dominated by adult sardine could have improved chick production and led to the higher rates of recruitment observed for the 1996 and 1997 cohorts (Ward et al., 2001a) .
Compared with adults, the diet of crested tern chicks contained significantly larger proportions of sardine and Australian anchovy and lower proportions of Degens leatherjacket. Differences in diet may be related to limitations in the size range or shape of prey items that chicks can ingest (Hulsman et al., 1989; Ramos et al. 1998; LJM, unpublished . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . .. . . . . . . . . . . . . .   . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . .. . . . . . . . . . . . levels of sardine egg production associated with the mortality of adult sardine (Ward et al., 2001a) . In 1998, the herpes virus also killed large numbers of juvenile sardine (Gaughan et al., 2000; Ward et al., 2001a) . Juvenile sardine make up a large proportion of the sardine component in the diet of crested terns (LJM, unpublished data), so decreases in the abundance of juvenile sardine (0+) may have been responsible for lower rates of chick survival in 1995 and reduced growth of chicks reared in 1995 and 1999.
Responses of seabirds to changes in the abundance and distribution of their prey depend on the flexibility of the foraging strategy employed and may vary at different spatial and temporal scales (Cairns, 1987; Montevecchi, 1993) . Species with flexible behaviour might be less affected by conditions of low prey availability than species that forage at maximum capacity (Burger and Piatt, 1990; Cairns, 1992; Montevecchi, 1993) . Smaller surface-feeding species such as crested terns are likely to be more constrained by variations in prey abundance, because they feed only in upper water layers and need first to provision themselves before locating and returning prey of a suitable size to their chick (Davoren and Montevecchi, 2003) . A reduction in sardine abundance near a colony during sardine mortality events may have acted to increase the time allocated by adults to finding alternative suitable prey, so reducing the total amount of prey delivered to chicks and causing decreases in chick growth and survival (Cairns, 1987; Montevecchi, 1993) . Prey quality can also affect chick growth and survival. Sardine have a high calorific value compared with other fish species, and they may contain key nutritional elements required for the physiological processes that regulate chick growth and survival (Pichegru et al., 2007) . Nutritional deficiencies have been blamed for breeding failure in other seabird populations. For instance, lower energy "junk food" was thought to be the cause of breeding failure in common guillemots (Uria aalge) in the North Sea, despite normal feeding rates being maintained (Wanless et al., 2005) . The nutritional value of different prey items taken by crested terns in South Australian waters is unknown. Future calorimetric and nutritional analyses of prey items may highlight the relationships between diet composition, breeding success, and growth. Cairns (1987) postulated that chick growth rates vary most when prey abundance is low and are intrinsically restrained when prey abundance is high. Many seabird studies have explored this hypothesis and many have linked chick growth and fledgling size to indices of prey abundance (Ricklefs et al., 1984; Cairns, 1987; Safina et al., 1988; Barrett and Rikardsen, 1992; Montevecchi, 1993) . Reduced growth rates can also increase chick or postfledging mortality (Gebhardt-Henrich and Richner, 1998) . Female crested terns from cohorts reared ,1 year after both sardine mortality events had significantly smaller morphology than females from other cohorts, suggesting that crested tern chicks at Troubridge Island experienced nutritional deficiency following depletion of a major prey. The fact that males from cohorts reared in seasons following sardine mortality events (Group 1) did not exhibit significantly smaller morphology was unexpected. Inaccuracies in the discriminant function used to assign a sex to recaptured adult birds may have caused this result. If males that were reared immediately after mortality events were relatively small, these males may have been incorrectly classified as large females, so reducing our ability to detect small males. Similarly, large females may have been incorrectly classified as small males.
Seabird diet and performance measures such as breeding success have been correlated with prey abundance in northern hemisphere fisheries for more than 20 years and are now used in models to inform management decisions Lewis et al., 2001; ICES, 2002; Velarde et al., 2004) . For instance, the catch rate of Pacific sardine (Sardinops caeruleus) was accurately predicted (73%) by a model based on the proportion of sardine in the diet of elegant terns (Sterna elegans), reproductive success of Heerman's gulls (Larus heermanni) and spring sea surface temperature in the Gulf of California (Velarde et al., 2004) . In the North Sea, the breeding success of black-legged kittiwakes (Rissa tridactyla) is now used as a reference point to trigger decision rules for the commercial sandeel fishery (ICES, 2002) . Sandeel fishing ceases if the breeding success of kittiwakes drops below 0.5 chicks per nest for three consecutive years (ICES, 2002) . Availability of juvenile (0+) sandeels is crucial in influencing kittiwake chick survival (Monaghan, 1992) , and measures of breeding success act as a prerecruit index to protect kittiwake populations and preserve fish stocks.
The significant component of sardine in the diet of crested tern chicks suggests that future diet measures may provide additional information about sardine stock status. Also, the demographic and morphometric analyses carried out here suggest that the survival and growth of crested tern chicks is influenced by the abundance of sardine. Juvenile sardine constitute a large proportion of the sardine found in the diet of crested tern chicks (LJM, unpublished data) . Hence, the strength of future data relating to diet, or chick growth and survival, may lie in an ability to predict sardine recruitment. Quantitative fishery-independent assessment of recruitment is rare for small pelagic fish (cf. van der Lingen and Merkle, 1999) . The abundance of juvenile fish is rarely known and is expensive information to collect. Dietary information and measurements of chick growth and survival are easy and costeffective to collect, and these data can provide real-time indicators of juvenile sardine abundance. Moreover, such data could provide information about fishery-induced localized depletion. Between 2001 and 2006, most of the annual sardine catch was taken from Spencer Gulf and Investigator Strait (Figure 2 ). At least 10 crested tern colonies lie in proximity to these areas. Annual monitoring of these colonies coupled with spatial analyses of SASF catch data and sardine biomass estimates provided via the daily egg production method could indicate whether sardine fishing operations are influencing crested tern diet or chick growth and survival. Combined with demographic analyses, this information could be used for developing risk assessments for populations of crested terns. Comparison with sites outside areas utilized by the SASF would be necessary to determine whether measured responses to changes in sardine stock abundance are fishery-related and/or environmentally driven. Such approaches could augment current assessments of sardine biomass in South Australia, aid fisheries management strategies adopted for this fishery, and ensure that fishing does not exacerbate any environmentally driven decreases in stock abundance.
